In order to elucidate the poorly understood relationships between mosquito larvae and their predatory aquatic insects in urban and suburban areas of tropical Southeast Asia, where vector-borne diseases are prevalent, aquatic insects were sampled from 14 aquatic habitats in residential areas of Chiang Mai, northern Thailand, during the rainy season (July to November) in 2016. Correlations among biological variables, densities of major predatory aquatic insect groups (i.e., Odonata, Coleoptera, and Hemiptera: OCH group) in wetlands and artificial lentic habitats, and the density of mosquito larvae were analyzed. Among the sampled mosquito larvae, Culex spp. were the most abundant, and both OCH density and water quality were major determinants of Culex spp. density (r s = -0.302 and -0.396, respectively). Logistic regression analyses indicated that the probability of Culex spp. occurrence was significantly and negatively correlated with OCH density. Furthermore, high macrophyte abundance was associated with higher predator density, potentially reducing mosquito density. Hemipteran predators were most negatively correlated with Culex spp. density, regardless of whether macrophyte abundance was high or low (r s = -0.547 and -0.533, respectively). Therefore, hemipteran predators were the most important aquatic insect predators in the urban and suburban residential areas of Chiang Mai, Thailand, and OCH species, such as the hemipteran Micronecta scutellaris, could be used as biological control agents against mosquitoes in the region. Journal of Vector Ecology 44 (2): 223-232. 2019.
INTRODUCTION
Mosquitoes typically utilize a variety of permanent and temporary water bodies for development. Female mosquitoes select oviposition sites based on location, physical habitat conditions, and water quality (Onchuru et al. 2016) , and the abundance of mosquito larvae may also be affected by predator abundance (Sunahara et al. 2002 , Shaalan and Canyon 2009 , Benelli et al. 2016 . However, recent and rapid urbanization has contributed to the diversification of mosquito habitats, with temporary pools and artificial lentic habitats increasing in residential areas, and to the reduction of natural mosquito predators. The quality of aquatic habitats (i.e., wetlands and artificial lentic habitats) in urban and suburban areas, for example, are typically less suitable for major predatory aquatic insect groups, such as members of Odonata, Coleoptera, and Hemiptera (hereafter referred to as the OCH group, Bae et al. 2013) , than for mosquitoes (Li et al. 2014 , Samson et al. 2015 .
Several laboratory-based studies have investigated OCH group predation on mosquitoes (Mogi 2007) , whereas field-based studies have investigated the efficacy of OCH predators in mosquito control programs, including the water bug Diplonychus sp. (Hemiptera: Belostomatidae) in India (Sivagnaname 2009 ), water boatman Micronecta sp. (Hemiptera: Micronectidae) in Vietnam (Nam et al. 2000) , and water scavenger beetle Hydrochara affinis (Coleoptera: Hydrophilidae) in Korea (Baek et al. 2014) . Despite the limitations in application, environment-friendly mosquito control programs, including biological control, are encouraged by some mosquito control agencies or academic societies such as Society for Vector Ecology, in order to circumvent the harm caused by insecticide application to natural ecosystems and humans (Yanola et al. 2015 , Roy et al. 2017 .
Chiang Mai is a medium-sized city in northern Thailand, which is located in tropical Southeast Asia. The area is known as a popular tourist destination but is also well known for epidemics of Zika (19 cases, Katip and Wientong 2017 ) and dengue (4,752 cases in 2016 , BVBD 2016 , and the close proximity of Chiang Mai to international borders, which facilitates frequent immigration, has caused concern regarding filariasis transmission by Culex mosquitoes (Jitpakdi et al. 1998 ). The Thai Public Health Organization has reported that current mosquito population control strategies, which include the widespread application of insecticides during mosquito emergence, are generally successful. However, insecticide resistance has been reported in mosquitoes from Chiang Mai (Somboon et al. 2003 , Yanola et al. 2015 . It is possible that long-term insecticide application has promoted insecticide resistance, as well as the deterioration of general public health and natural ecosystems (Hemingway and Ranson 2000, Rivero et al. 2010) . In tropical Southeast Asia, including the Chiang Mai area, Culex is the most abundant of the urban and suburban vector mosquito species (Jitpakdi et al. 1998 , Thongsripong et al. 2012 .
Even though previous studies of aquatic insects in tropical Southeast Asia, especially in paddy fields, have investigated mosquito species composition (Mogi and Miyagi 1990 , Ohba et al. 2013 , Ohba et al. 2015 , few studies have focused on the relationships between predatory aquatic insects and mosquito density (Lundkvist et al. 2003 , Mogi 2007 , Weterings et al. 2018 , especially with regard to the wetlands, pools, and artificial lentic habitats in urban and suburban areas. Accordingly, the purpose of the present study was to investigate the relationships between predatory aquatic insects (i.e., the OCH group) and mosquito larvae in mosquito-rich habitats in the urban and suburban residential areas of Chiang Mai, northern Thailand. The findings of this study could be useful for promoting the implications of biological mosquito control in this region, especially by identifying potential control agents from among the OCH group members.
MATERIALS AND METHODS

Sampling sites
Aquatic insects were sampled monthly from 14 sampling sites in Chiang Mai, northern Thailand, during the rainy season (July to November) in 2016 as mosquito larvae are more abundant during the rainy season than during the dry season in tropical Southeast Asian wetlands (Ohba et al. 2015) . A variety of mosquito habitats were chosen from the urban and suburban residential areas of Chiang Mai on the basis of aquatic vegetation coverage (Figures 1 and 2) . All habitats were natural or semi-natural wetlands that had partial concrete walls at the banks and that retained water throughout the year. Our sampling did not include movable artificial habitats, such as small plastic containers, flower pots, or abandoned tires, which are the preferred larval sites of other urban species, such as Aedes spp. (Weterings et al. 2018) .
Field investigation and data analyses
Aquatic insects were sampled using both quantitative and qualitative methods. For quantitative purposes, a hand net (25 × 30 cm frame; mesh size, 500 µm) was dipped into the water five times within a surface sampling area of 2500 cm 2 (50 × 50 cm quadrant with 30 cm depth) of a shallow, marginal, and, when possible, vegetated area ( Figure 2 ). Two quantitative sampling points (two replicates) were used at each sampling site. For qualitative purposes, a smaller, round-type handnet (diameter 18 cm, mesh 500 µm) was used to collect aquatic insects from a variety of microhabitats, Table 1. including littoral vegetation, leaf litter, benthic substrates, and water bodies ( Figure 2 ). Sampling sites were scored from zero to three, depending on macrophyte coverage (no macrophyte coverage, score 0; < 30% coverage, score 1; 30-60% coverage, score 2; > 60% coverage, score 3), and were later categorized into abundant (score 3) and less-abundant (score 0-2) macrophyte sites. The sampled materials were preserved with 80% ethanol in 100 or 500 ml plastic vials and transported to the laboratory for sorting and identification. The sorted aquatic insects were preserved in 80% ethanol and identified to the species level whenever possible, using standard taxonomic literature, such as Morse et al. (1994) , Yule and Yong (2004) , and Sangpradub and Boonsoong (2006) for general identification, as well as Rattanarithikul et al. (2005) for mosquito identification, Toledo (2008) for Noteridae identification, and Tran et al. (2015) for Hemiptera identification. However, most sampled aquatic insects, in particular the larval stages, were identified to morpho-species, based on distinct external diagnostic characters, because species-level keys are not available for this region. However, previous studies have demonstrated that even family-level identification is reliable and sufficient for macroinvertebrate community research (Bailey et al. 2001 , Marshall et al. 2006 ).
The Shannon diversity index (Shannon 1948 ) and Margalef 's richness index (Margalef 1958) were calculated using quantitative sampling data. The Biological Monitoring Working Party score modified for Thailand (BMWP THAI ) and the average score per taxon (ASPT) score were used to categorize the environmental quality of the mosquito habitats (Mustow 2002) . Functional feeding groups (FFG) of the OCH group aquatic insects were based on Merritt et al. (2008) and Domínguez and Fernández (2009) . Only the relationships between OCH predators and mosquitoes were analyzed because they constitute the major groups of aquatic insect predators in temperate and tropical wetlands (Hoang and Bae 2006 , Jung et al. 2012 , Bae et al. 2013 . Culicidae density refers to the density of Culex species, and this was the main mosquito density determined, since other mosquitoes were rarely encountered at the sample sites. Pupal mosquitoes were also excluded because they are not commonly consumed by OCH predators (Shaalan and Canyon 2009) . Occurrence rate was calculated as the ratio of sampled sites for certain species (maximum = 1; the species was found in all sampling sites).
Since the data were not normally distributed, the data were log transformed [log(X+1)] for ANOVA and Tukey's post-hoc analysis of density, community, and biotic indices. Logistic regression analysis was used to indicate the probability of mosquito presence at a sampling site, and the Hosmer and Lemeshow goodness-of-fit test was used to indicate the quality of prediction. Non-parametric Spearman's rank correlation (r s ) and principal component analysis (PCA) were also performed. All statistical analyses were accomplished using SPSS statistics version 17.0 (SPSS Inc, Chicago, IL, U.S.A.), with a significance threshold of p < 0.05.
RESULTS
Aquatic insect community composition and biological indices
A total of 8,089 individuals of aquatic insects was collected, and these were attributed to 76 species from 40 families in seven orders. Diptera (74.35%) was the most abundant order, followed by Hemiptera (10.61%), Ephemeroptera (7.57%), Coleoptera (3.26%), Odonata (4.04%), Trichoptera (0.09%), and Lepidoptera (0.09%). Among the OCH group orders, hemipterans were the most abundant, followed by members of the Odonata and Coleoptera. The dominant Diptera family was Chironomidae, followed by Culicidae, and Culex spp. (i.e., Cx. gelidus, Cx. quinquefasciatus, and Cx. tritaeniorhynchus) were the dominant mosquito larval species, followed by a small number of Anopheles spp. and other mosquitoes. No predatory dipteran species were collected.
Both the mosquito larvae and OCH group compositions at each sampling site varied and did not show any particular pattern of distribution among urban and suburban areas (Figure 1 ). Among the OCH group, the hemipteran species Micronecta scutellaris and coleopterans of family Sphaeridiinae were observed most frequently (0.50 and 0.57, respectively), whereas Odonata species exhibited limited distributions, with low occurrence rate values (< 0.50). In particular, the abundant OCH group species, such as the hemipteran Micronecta scutellaris, various coleopterans (i.e., members of Sphaeridiinae, Canthydrus angularis, and Hydrocanthus sp.), and the odonatan Ceriagrion sp., were more abundant in habitats with more abundant macrophytes. However, Culex spp. were more frequent at sites with lower macrophyte abundance.
The Shannon diversity index, richness index, BMWP THAI , and ASPT score varied among the sampling sites (Table 1) . The water quality was classified into two categories according to the ASPT score: moderate pollution (4-5 scores) and severe pollution (< 4 scores). The urban and suburban sites with high diversity and richness indices, such as TKW S , CMU U , and NHR U , were categorized as having better water quality, whereas the lower value sites, such as PT U and NHI U , were categorized as having poorer water quality.
Correlations between biological variables and mosquito density
The correlation among the biological variables and mosquito density is shown in Table 2 . Culex spp. density was not significantly correlated with any environmental variable, except the water quality index (BMWT THAI ; r s = -0.396, p < 0.01) and predator density (r s = -0.302, p < 0.05). Although insignificant, the species richness and community indices were also negatively correlated with Culex spp. density and positively correlated with predator density (Table 2) . Macrophyte abundance was also positively correlated with the diversity and richness indices (r s = 0.504, p < 0.01 and 0.437, p < 0.01, respectively). Similar trends were obtained using PCA analysis.
No. 
Site
Correlations between densities of predatory aquatic insects and mosquito larvae
The average densities (± SD) of OCH group members and mosquito larvae at each site are comparatively presented in Figure 3 . No or fewer mosquito larvae occurred where OCH group species were abundant, and vice versa. Furthermore, logistic regression indicated that predator abundance was negatively associated with the occurrence of Culex spp. larvae (p < 0.05, Figure 4) .
The results from the Spearman's correlation analysis are shown in Table 3 . Hemiptera density was significantly and negatively correlated with Culex spp. density, especially at sites with abundant macrophytes. Although insignificant, densities of both Coleoptera and Odonata species were also negatively correlated with Culex spp. density, at least at sites with low macrophyte abundance. However, Odonata density was positively correlated with Culex spp. density at sites of high macrophyte abundance.
DISCUSSION
Culex species are important vectors of important disease pathogens, such as West Nile virus (Farajollahi et al. 2011) , encephalitis virus (Nitatpattana et al. 2005) , Wuchereria bancrofti, which causes elephantiasis (Thongsripong et al. 2012) , and Zika virus, which causes long-term human health problems (Guo et al. 2016) . However, few studies have focused on Culex species in urban and suburban habitats. The present study demonstrates that the density of OCH members in natural and semi-natural urban and suburban habitats are important determinants of Culex spp. abundance and occurrence (Table 2, Figures 3 and 4) . Although some studies have proposed the use of OCH members for mosquito control (e.g., Mogi and Miyagi 1990 , Carlson et al. 2004 , Ohba et al. 2013 , those studies did not evaluate density relationships between the mosquitoes and predators. Therefore, the present study provides evidence to support the importance of the OCH members in controlling mosquito larvae colonization in tropical freshwater habitats, especially in urban and suburban habitats.
Increasing community and biological indices promoted OCH group density and reduced mosquito larvae (Table  2) . Although mosquito species can occur in several water quality ranges and habitat types (Rattanarithikul et al. 2005 , Thongsripong et al. 2012 , the results of the present study suggest that better water quality could increase mosquito vulnerability by promoting predator colonization, as shown in Table 2 . Similarly, Fadilah et al. (2017) better water quality can enhance the individual abundance, species richness, and diversity of aquatic insects. Moreover, the results of the present study demonstrate that Culex abundance is negatively correlated with water quality (Table 2) , as reported by Dida et al. (2015) . The structurally complex habitats that contained abundant macrophytes were important for enhancing predator colonization but seemed to deter mosquitoes. In addition, the results of the present study also demonstrated that habitats with abundant macrophytes has greater aquatic insect diversity and richness (Table 2) , as reported previously (Mogi 2007, Barman and Baruah 2015) . Therefore, predator abundance and habitat quality are important factors in terms of biological mosquito control in urban and suburban areas in Thailand.
Among the potential biological control agents of mosquitoes, the major predatory aquatic insect groups from urban and suburban habitats have been suggested in Table 3 . The present study found that Hemiptera was the most abundant group, rather than Odonata or Coleoptera, which is similar to the results of a previous study on macroinvertebrate composition in tropical Asia (Ohtaka et al. 2011) . These results suggest that hemipterans can utilize diverse habitats, as reported by Foltz and Dodson (2009) , who revealed that hemipterans can survive in a wide range of habitats. Moreover, most hemipterans are pollution tolerant, since they are air breathers, which could explain their habitat use efficiency (Joshi 2012) . Correlation analysis indicated that hemipterans effectively suppress mosquito larvae in all habitat types (regardless of macrophyte condition), as shown in Table 3 . Among the most abundant Hemiptera species, Micronecta scutellaris exhibited a higher occurrence rate than either Paraplea frontalis and Nychia sappho. However, further investigations are needed to determine which species could more effectively control mosquito populations. Nevertheless, in more structurally complex habitats, such as those with abundant macrophytes, hemipterans appear to control Culex larvae more effectively (Table 3) . However, hemipteran density is not negatively related to Culex density when their structural habitats are simple, such as in animal drinking troughs (Zuharah and Lester 2010) . Moreover, according to Saha et al. (2009) , members of Hemiptera exhibit feeding 0 1 0 0.5 1 1.5 2 2.5 Probability of Culex existence Log (X+1) of predator density preferences for mosquito larvae, even when members of Chironomidae are more abundant. Therefore, hemipterans may be a suitable candidate for biological mosquito control in urban and suburban habitats in tropical Southeast Asia.
The Coleoptera and Odonata groups were also negatively correlated with mosquito larvae density, even though their efficiency might depend on macrophyte abundance and predator species (Table 3) . Most coleopterans were abundant where macrophytes also were abundant, and members of the family Noteridae exhibited the greatest density, followed by members of Hydrophilidae and Dytiscidae. However, in contrast to the Hydrophilidae and Dytiscidae, little is known about the efficiency of Noteridae member predation Takagi 2010, Mogi 2007) , thus warranting further investigation. Meanwhile, members of Odonata exhibited a consistent trend of occurrence with mosquito larvae in habitats with abundant macrophytes (Table 3) , possibly due to the greater proportion of Zygoptera than Anisoptera, the former of which are considered less efficient mosquito predators (Venkatesh and Tyagi 2013) . Conversely, when there was a higher proportion of Anisoptera than Zygoptera, at less abundant macrophyte sites, Odonata were negatively associated with mosquito larvae.
In conclusion, this study demonstrates that predatory aquatic insects (OCH group) significantly suppress mosquito larvae density in natural habitats of residential areas in Chiang Mai, Thailand. In particular, hemipteran predators play a major role in controlling mosquito density in these habitats. This suggests that certain hemipteran predators (e.g., Micronecta scutellaris) could be used as suitable biological control agents for mosquitoes in urban and suburban areas in this region.
